With the outbreak of the war it became desirable to turn to the study of an entomological problem with practical considerations, as part of the 'war effort'. Conversion of old perma nent pasture to arable land sometimes led to destructive wireworm attacks on the new crops. Lees thus turned to a study of Agriotes sp., joining a team of researchers in the Zoology Department which included G. Salt, F.S.J. Hollick, W.H. Thorpe, A.C. Crombie and D.S. Falconer. Tony elected to investigate the responses of wireworms to humidity and water, demonstrating behavioural avoidance reactions to low humidities in the soil. A close correla tion with saturation deficit (not relative humidity) was found, suggesting that the stimulus was associated with the evaporation of water from the mouthparts rather than humidity sensed by sophisticated hygroreceptors. Experience with humidity responses in wireworms must have had consequences in his later work on the water relations of ticks. The switch from Drosophila to wireworms resulted in a rather unusual two-part Ph.D. thesis which nev ertheless was submitted and accepted by the Faculty Board in 1942.
T h e L o n d o n S c h o o l o f H y g i e n e a n d T r o p i c a l M e d i c i n e
Like most other scientists, Tony Lees followed several 'careers' punctuated by moves to other laboratories and by changes of research topic. Thus, in 1942 he moved from Cambridge to the London School of Hygiene in Malet Street, London. He joined an ARCfunded group initially led by Professor P.A. Buxton to work on the water relations of the sheep tick Ixodes ricinus, since earlier work by J. MacLeod and A. Milne had sho species was particularly susceptible to desiccation and was forced to spend most of its nonparasitic life in the deep 'mat' of decaying vegetation which was a characteristic of its nat ural habitat. As one nurtured on the first edition of The Principles o f Insect , added excitement was provided by the presence of its author, V.B. Wigglesworth, just down the corridor.
On a more personal level, the greater security offered by the post-doctoral position meant marriage, with Tony and Pauline settling in Frognal until a later move to Holland Park. Life in wartime London turned out to be exciting, but exhausting, with sporadic air raids, firewatching duties on the top of Senate House, and then the flying bombs. Nevertheless his time in London was extremely productive. Work on hard-tick physiology broke new ground, leading to nine important and very original papers on such topics as water balance and the role of epicuticular waxes (7, 9)*, sensory physiology (12), active transport of water (14), cuticle growth and engorgement (24), egg-waxing and the extraordinary organ of Gene (15), and observations on seasonal and diurnal activity (23). A paper on the excretion of water and salts by the coxal glands in soft ticks (Argasidae) also appeared (8). Most of these papers appeared in the years 1946-1952 and Lees became an authority on tick physiology: years later he told me that he was 'tickled pink' at being invited to conferences to review his work (57), which had retained, as it does today, all of its scientific importance and practical value.
In order to study water conservation, Tony began with simple weighing experiments using unfed ticks exposed to air of various humidities. The outcome of these experiments was the discovery that there was no net water loss by evaporation at humidities higher than about 90% r.h. Furthermore, after desiccation the tick was able to absorb water from the atmos phere, at values higher than this 'equilibrium humidity'. This was the third example of this phenomenon, the other two being insects (the mealworm, Tenebrio molitor, and the flea, Xenopsylla cheopis). Occlusion of the spiracles showed that the tracheal system was not involved, and water uptake also seemed to persist after the mouthparts were cemented together. The site of absorbtion remained unknown for the next 20 years, until W. Kniille showed that it took place at the base of the mouthparts, the condensing system being a thin film of saliva of high osmotic pressure which is later withdrawn inside the gut.
The question of cuticular waterproofing (in insects) was being addressed at the time by V.B. Wigglesworth and J.W.L. Beament, who demonstrated the importance of the epicuticular waxes. The wax layer could be disrupted with organic solvents and abrasive dusts, which had a dramatic effect on permeability. The most interesting effect, however, was that of temperature, water-loss curves showing a break-point at a characteristic 'critical tempera ture' above which transpiration increased rapidly. Lees found the same phenomenon in ticks, and demonstrated a nicely graded series of critical temperatures in tick species, with Ixodes ricinus occupying the lower end of the series with the lowest 'melting point'. This explained the extreme dependency of this species on the high relative humidities developing in the veg etation 'mat'.
Hard ticks are extraordinary creatures which take a single enormous bloodmeal in each of their three developmental stages. The larva attaches to the host for about three days, the nymph for about five days, and the adult female for about 10-14 days; the remainder of their lengthy life cycle (up to three years) is spent on the pasture. Tony found that the period of attachment could be divided into two distinct phases. During the first (more lengthy) period blood was digested and used for massive growth of the soft inner endocuticle. During the second (more rapid) phase full engorgement took place and the thickened cuticle stretched to accommodate the volume. Engorgement also entailed a concentration of the bloodmeal, and it was shown that the host skin temperature was above the 'critical temperature' for the epicuticular waxes, thus facilitating water-loss of feeding ticks through the cuticle.
The eggs of Ixodes ricinus are also covered with wax. The way in which eggs acquired their waterproof coat was shown to be a function of the bizarre organ of Gene (15) which is extruded (dorsally) from behind the capitulum to grasp each egg as it emerges (ventrally) from the genital opening, depositing a layer of wax on its surface. If the aperture of Gene's organ was occluded, egg waxing was prevented and the eggs rapidly shrivelled.
Work on the water relations of the sheep tick was then broadened to include field studies in collaboration with Alec Milne in Northumberland. Close observation of ticks in their nat ural habitat showed that their movements were almost entirely vertical from the humid vege tation 'mat' to the less humid 'questing' position at the tips of grass and rush stems. Laboratory choice chambers were then built with vegetation simulated by vertical glass rods set in plasticine (12). Fully hydrated ticks were found to climb the rods but after moderate desiccation to return to the bottom of the humidity gradient where they were able to replenish their water from the atmosphere, so long as it was above the 'equilibrium humidity'. Ticks could survive for long periods in the humid 'mat', but the daily up-and-down questing move ments took their toll because this activity depleted food reserves. If a questing tick found a host its problems were over; failure, however, eventually resulted in exhaustion and death. In 1943 the sheep tick programme was taken over by V.B. Wigglesworth and then in 1945 the entire ARC group was moved from the London School to Cambridge when Wigglesworth was appointed to the Quick Professorship. For Tony, the move meant another change of organism, from Ixodes ricinus to the red spider mite, Oligonychus ( -Metatetranychus) ulmi, which was causing serious damage in the apple orchards of Kent and Essex. Although Tony must have been alerted to the problem of overwintering during his work on the sheep tick, the surprise 'discovery' of diapause in O. ulmi started an interest which lasted for the rest of his scientific career. The chance observation of diapause was made when mites on an apple seedling, placed on the window sill of a warm laboratory in early autumn, ceased laying the rapidly developing (non-diapause) eggs, migrated to the stem of the seedling, and layed the blood-red 'winter' eggs. The diapause proved to be 'deep', only broken by several weeks exposure to low temperature. With characteristic thor oughness, Tony soon established that the diapause was induced by autumnal short days and he became immersed in the literature on photoperiodism, a subject still neglected in the zoo logical literature. The small size of the mite precluded much physiological work, but a 'black box' approach soon established the importance of photoperiod, temperature, and diet (autumnal 'bronzing' of the foliage) as the inductive factors (30).
Photoperiodic work of this type necessitated the construction of a series of rearing units with controlled temperature and light cycles, in which the durations of the light and darkness in each cycle could be almost infinitely varied. Use of these cabinets showed the overriding importance of nightlength in photoperiodic time measurement (31), a feature which is now known to be almost universal in arthropods. This work on mite photoperiodism led to several invitations to conferences (Gatlinburg, Tennessee and Israel), and to the writing of a Cambridge Monograph The Physiology o f Diapause in Arthropods (1955) which, although small in size, soon became, and still is, a huge influence on the field. Tony's researches into photoperiodism uncovered excellent work by A.S. Danilevskii and colleagues in St Petersburg, and some little-known Japanese work. In his typically thorough fashion, Tony proceeded to learn Russian in order to read the literature at first hand, but not, apparently, Japanese! Spider mites proved rather intractable material because of their small size and their requirement for whole apple seedlings. Work on photoperiodism was therefore transferred to the vetch aphid Megoura viciae which was much larger (although still small) and could be raised easily on bean seedlings. With very little digression, this change of organism kept him employed for the rest of his life, so much so that A.D. Lees became almost synonymous with Megoura.
To an outsider, aphid life cycles often appear very complicated. Fortunately, however, that of M. viciae is relatively simple, involving only one host plant. Overwintering eggs hatch in the spring to give rise to a morph called the fundatrix which reproduces asexually. During the summer months long days induce a succession of parthenogenetic and viviparous genera tions (called virginoparae) which might be winged or wingless. As autumn approaches, short days induce egg-laying sexual females (oviparae) and males, and the aphid then overwinters as a diapausing egg.
Tony's work on Megoura was based on careful attention to the individual insect and the sequence in which her progeny were produced. Thus virginoparae under long days were found to produce sequences of further virginoparae, and the species could be laboratorymaintained indefinitely as an asexually reproducing clone. Transfer to short days, however, induced a 'switch' from virginopara production to oviparae. This suggested that the control mechanism was maternal rather than directly on the developing embryos within the mother's abdomen. Subsequently this view was slightly modified when it was shown that photoperiodic sensitivity began in advanced embryos, before parturition -that is, in the grandmother generation. This work established the photoperiodic response curve for viciae with its characteristic 'critical night-length', and unravelled the interactions between photoperiod and temperature (35, 37) .
Sequential analysis of the progeny of fundatrices newly hatched from overwintering eggs also uncovered one of the most interesting aspects of aphid life-cycles (46, 53). It was found that the first few spring generations were unable to respond to short days, an adaptation clearly preventing the untimely appearance of 'autumnal' oviparae during the short days of spring. Breeding parallel clones of aphids from 'first-bom' and 'last-bom' lineages then demonstrated the existence of a trans-generation timer which eventually, after several weeks, allowed ovipara production, but in a manner irrespective of the number of intervening gener ations. This was similar to Bonnemaison's 'facteur fondatrice ' (1951) , and to a similar mech anism discovered more recently in flesh flies (Henrich and Denlinger, 1982) .
It is generally held that photoperiodic responses include a photoreceptor, a 'clock' (to measure night-length) and an endocrine effector system. Tony's work has contributed to all three aspects of the phenomenon. A four-month study-leave at Woods Hole in 1957 gave him the opportunity to look for the relevant photoreceptor(s) -using the gigantic larvae of the silkmoth Antheraea pernyi which enter a pupal diapause under short days. For a variety of reasons his experiments attempting to stimulate localized areas of the head with blue fluo rescent light emitted by UV-excited anthracene crystals failed, but on his return to Cambridge he turned to similar experiments using aphids. The elegant experiments that fol lowed attached capillary suction illuminators or small hand-drawn plastic light guides to var ious parts of the head and body. The aphids were kept in a general body illumination of 12 h per day, and provided with 4 h of supplementary light via the light guides: if sensitive areas were thus illuminated the aphids produced the long-day response (virginoparae), if not, they produced oviparae. It was found that the region of maximum sensitivity was near the midline of the dorsum of the head, whereas illumination of the embryos within the abdomen, or direct illumination of the head through the eyes, was without effect. This was the first demonstration of extra-optic photoperiodic reception. Ironically, it was published in 1964 (49), the same year that Carroll Williams and Perry Adkisson published their account of brain photoreception in Antheraea p e m y i , the subject of Tony' some seven years earlier.
The Cold Spring Harbor Symposium on Biological Clocks was a milestone in the devel opment of chronobiology, and the published volume (1960) rapidly became the chronobiologist's bible. Tony was invited to that meeting to review the whole of animal photoperiodism (38). Comparing birds and arthropods, he concluded that photoperiodic mechanisms in the latter 'do not appear to depend on an endogenous 24 h rhythm of light sensitivity'. This started a long investigation of photoperiodic time measurement (PPTM) in viciae which Tony considered to be 'hourglass'-based. His subsequent work unravelling the kinetics of nightlength measurement in Megoura started at Cambridge but continued after his move to Imperial College (see below). In the years that followed, this study became the most com plete account of photoperiodic induction in any animal species. However, at the Cold Spring Harbor meeting, Tony met Colin Pittendrigh, then at Princeton University, who had become a forceful advocate of Erwin BUnning's (1936) suggestion that PPTM was another function of the organism's circadian system and was, therefore, oscillatory. The ensuing controversy between hourglass and oscillator timing will be dealt with later. (61), action spectra for the response (58, 70), the effect of low temper ature on time measurement (74, 81, 82) , problems associated with the production of alates (76) and males, and a string of about nine papers devoted to the endocrine control of morph determination.
In proposing his more explicit version of Bunning's hypothesis for photoperiodic time measurement (called 'external coincidence'), Pittendrigh (1966) compared the measurement of nightlength with the entrainment properties of 'overt' circadian rhythms such as the pupal eclosion rhythm of Drosophila pseudoobscura which had occupied his attention for several years. He suggested that light had two roles in PPTM: (1) entrainment, and (2) the coinci dence (or not) with a specific 'photoinducible' phase, dubbed (j),, and thought to lie 9-9!4h -the 'critical nightlength' -after dusk. In cycles with a light component longer than about 12 h the oscillation was reset so that it restarted in darkness at a fixed phase point (the entrainment element). Therefore, in a short day (or long night) cycle, such as LD 12:12, (fc would fall in the dark leading to the autumnal pathway, whereas in a long day (or short night) cycle, such as LD 16:8, it would be illuminated, leading to the summer pathway.
Another oscillator model called 'internal coincidence' (Pittendrigh 1972) , proposed that the photoperiodic response depended on the mutual (internal) phase relationships developing between separate 'dawn' and 'dusk' oscillators as the photoperiod changed with the seasons. Others have also been proposed, mainly as variants of these two (Saunders 1982). However, the important difference between oscillator models for the clock and Lees's preferred hour glass is that the former mechanisms would reset themselves in extended periods of darkness to perform repeated acts of nightlength measurement, whereas the latter would measure nightlength once before requiring a light period to turn the hourglass over.
Experiments devised to distinguish hourglass from circadian-based clocks include the socalled Nanda-Hamner and BUnsow protocols. Without going into the details of their design, or the problems of their interpretation, suffice it to say that both utilize non-24 h light:dark cycles: the former a range of cycle lengths (for example, 18-84 h) each containing a single 'short' (8-12 h) light component; the latter frequently a 72 h cycle consisting of a 12 h 'main' light component and a secondary short pulse (frequently 1 h) that 'scans' the 60 h of darkness in a systematic fashion in different experimental groups. In flowering plants, birds, mammals and a number of insect species including, for example, the flesh fly Sarcophaga argyrostoma, exposure to such cycles produces alternating 'peaks' and 'troughs' of short-day and long-day photoperiodic responses at roughly 24 h (circadian) intervals, indicating that the circadian system is (somehow) involved in photoperiodic timing. In M. viciae, however, such positive 'resonance' was consistently absent (50, 59, 61), re-enforcing Tony's view that the Megoura clock was non-circadian.
A third type of experiment designed to show a circadian component in photoperiodic timing is that which uses 'skeleton' photoperiods formed from two short (1 h) pulses of light per cycle to simulate a 'complete' photoperiod. When the interval between the two pulses is close to half the circadian period (approx. 12 h) a circadian-based clock may adopt either of two steady-state phase relationships to the string of pulses, one expressing a short-day response and the other a long-day; this phenomenon is called 'bistability' (Pittendrigh 1966) . Bistability in diapause/non-diapause control has been found in some flies, but not in Megoura (Hillman 1973) . Results of all these experiments thus strengthened Tony's view that the Megoura nightlength clock was non-circadian -and this view was eventually accepted, at least at its face value, by even the most hardened sceptic.
Further characterization of Megoura' s nightlength timer was a light-breaks at different points in the long dark-phase of an ovipara-producing cycle (59, 61). Such 'night interruption' experiments showed two phases of sensitivity (virginopara-production), one (A) early in the night and one (B) late in the night. The intervening hours were photorefractory. Use of similar, but non-24 h, cycles then showed that light falling on A served only to reset the timer; its virginopara-inducing effect was reversible in that a ter minal dark period longer than the critical nightlength (9 h) would reinstate ovipara-production. Light falling on B, however, was irreversible by a subsequent long night -suggesting that this point in the night was the important photoinducible phase.
Using information gathered from these night interruption experiments, Tony embarked on a lengthy series of experiments to determine action spectra for the photoperiodic response (58, 70). To do this he kept aphids on a long-night (ovipara-inducing) cycle, and then intro duced short pulses of monochromatic light of different intensities at the first point of sensi tivity (A) or the second (B). When light quality and intensity were sufficient, short-night responses (virginopara-production) were obtained; if not, the aphids continued to produce oviparae like the controls. Maximum sensitivity was demonstrated with light in the blue part of the spectrum (450-480 pm). Action spectra for early and late interruptions were similar except that late interruptions showed an increased sensitivity to red. These results were con sistent with the view that the light-absorbing pigment was a carotenoid. However, the aphid's brain, the most likely site of photoreception, was colourless to visual inspection suggesting either that the putative pigment was very 'dilute', or that it was contained in rather few cells. More recent work with Lepidoptera and mites (Veerman 1980) has, however, produced strong evidence for the role of carotenoids in the photoperiodic response.
The work on M. viciae also focused on the possible neuroendocrine m ech a n ism s regu lating the seasonal morphs. Appointment of Colin Steel as a post-doc. (now in Canada, at York University) led to a series of brain operations using RF cautery which showed that virginopara production was abolished when lesions destroyed a group of neuro-secretory cells in the anterior midline of the protocerebrum, or areas of the brain only slightly lateral to this group. This suggested that this part of the brain was important as photoreceptor and/or clock, although no obvious ultrastructural features were evident in the region.
Together with Colin Steel's successor, Jim Hardie, Tony turned to aphid endocrinology, particularly the possible role of juvenile hormones in morph determination. The small size of aphids precludes much surgery or injection, but JHs and their analogues may be applied topi cally. Application of potent JH mimics such as Zoecon's ZR-512 and kinoprene, and later the authentic JHs I, II and III, to third-stage or penultimate larvae was found to lead to super numerary larval moults and eventual development of a perfect fifth stage alate larval form with normal but somewhat enlarged wing pads (65, 78). However, in fourth instar short-day reared apterous virginoparae, destined to become ovipara-producers, topical application of kinoprene led to the production of oviparous/viviparous intermorphs in place of expected oviparae (78) and chronic treatment with kinoprene applied to the host plant caused a propor tion (13%) of the expected oviparous progeny to become apterous viviparae. The juvenilizing effects of JH and the morph-determining effects of JH were therefore separate developmentally. The implication was that the corpora allata were involved in morph deter mination. Subsequent gas chromatographic analyses done in conjunction with Zoecon identi fied JH III as the natural form of the hormone in aphids, and somewhat higher titres were recorded in long-day than in short-day insects (77). A series of experiments on the role of temperature in photoperiodic timing (81, 82) showed that night-length measurement in M. viciae was temperature compensated between about 6 and 20 °C, but temperatures lower than 6 °C caused the clock to run slow. Even -3 °C failed to stop the clock, although the rate of time measurement at this temperature was reduced to about 25%. If low temperature treatment (0 °C) coincided with the light, photore ception could be blocked, but the clock continued to run. This result suggested to Tony that the photoreceptor was not part of the timer's biochemistry.
Compared with other geographical strains of Megoura, the Cambridge clone proved defective in that male determination was independent of photoperiod. In his last published papers, therefore, Tony turned to the pea aphid Acyrthosiphon pisum (84, 85) . He showed that male production and female morph determination were both controlled by photoperiod, but probably by different clocks since the response curves were substantially different both in shape and critical night length.
T h e h o u r g l a s s / o s c i l l a t o r c l o c k c o n t r o v e r s y
The elegant and carefully conducted experiments on photoperiodic time measurement in Megoura viciae have provided uniquely persuasive evidence that night length in this aphid is accomplished by a non-oscillatory timer, which may be likened to an hourglass. However, most of the properties of that timer, especially in 'natural' light:dark cycles, are almost iden tical to those of other insects such as the flesh fly, Sarcophaga argyrostoma (Saunders 1982) . The outstanding difference is seen in non-24 h Nanda-Hamner and Biinsow light cycles which reveal a circadian periodicity to diapause induction data in Sarcophaga but not in Megoura. This raises an important question: how different are the two types of clock?
The question may be resolved on a theoretical level by adopting Biinning's suggestion that hourglass timers are heavily damping oscillators capable of a single act of night-length measurement, but failing to persist in protracted periods of darkness. The main attraction of this view is that it removes a probably artificial distinction between the two sorts of timer. This idea was elaborated and explored by computer modelling (Saunders and Lewis 1987) which showed that an oscillator clock with very heavy damping successfully described the important Megoura results. Perhaps Megoura occupies an extreme end of a spectrum of cir cadian-based photoperiodic clocks which differ in their damping coefficients. Tony rather liked the idea of damped oscillators as they were hourglasses by another name! The Megoura case, however, has recently been complicated by the demonstration (Vaz Nunes and Hardie, 1993) that M. viciae can execute repeated measurements of long nights in extended periods of darkness. This supports a view that photoperiodic timing in Megoura may be based on circadian oscillations after all, but seems inconsistent with the heavily damping model. Ultimate dissection of the mechanism probably awaits description of circadian oscillations in molecular terms. Recent advances in D. melanogaster (Hardin et al. 1992 ) may assist.
These comments on the hourglass model in no way detract from the enormous contribu tion Tony Lees's work has made, not only in unravelling the complexities of aphid biology, but in the wider fields of chronobiology and insect life cycle regulation.
P e r s o n a l i t y a n d i n t e r e s t s
Everyone who knew Tony was impressed by the unassuming and courteous manner of a man ambitious only for the development of his chosen branch of science. He was a totally reliable experimenter who tackled difficult problems with skill, and proceeded to write papers in an immaculate style. Nevertheless, experiments were not conducted merely for his own satisfaction: he always insisted that work not published was work not done.
His personal interests and activities were wide. His early interests in collecting and archaeology continued throughout life, developing into a love of glass and Georgian silver. He was a knowledgeable gardener and Fellow of the Royal Horticultural Society. He enjoyed ball games, regularly turning out for the Silwood Park cricket team until he was in his sixties. He also played badminton and squash, and in his later years became an ardent snooker player. Other interests were 'playing' the stock market, apparently with some success, and the enjoyment of food and fine wines.
The photograph was taken before 1973 by the Godfrey Argent Studio. 
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